A method was developed to fabricate luminescent films at around room temperature based on successive ionic layer adsorption and reaction (SILAR). Nanocrystalline CePO 4 :Tb 3+ films were deposited on bare or surface-modified silica glass substrates through immersion in cation (Ce 3+ and Tb
Introduction
Inorganic luminescent materials (also called phosphors) have attracted a new attention in the field of sensing applications.
1),2)
The sensibility is originated from the fact that optical properties of luminescent materials are subject to change when they are placed in a specific physical or chemical environment. CePO 4 : Tb 3+ , a well-known green-emitting phosphor, shows an excellent response to the redox environment by its luminescence switching 3) and thus is expected to be used for detecting ecologically or biologically important redox species in chemical solutions.
4)6)
The shape and the microstructure of such luminescent materials (called smart phosphors) need to be tailored so that both sensibility and usability will meet practical applications.
We previously reported that nanocrystalline CePO 4 :Tb 3+ phosphor powders could show a linear change of their luminescence intensity in accordance with concentrations of redox species. 7) However, the treatment of the nanocrystalline powders was troublesome especially in their collection from chemical solutions by centrifuging every time. Attempts were then made to synthesize larger CePO 4 :Tb 3+ phosphor particles through hightemperature heating or to fabricate CePO 4 :Tb 3+ phosphor thin films by a solgel method. 8),9) Although both larger particles and thin films exhibited high luminescence intensity due to better crystallinity caused by high-temperature heating, their luminescence-switching properties were not satisfactory in terms of sensibility to the redox treatments. A major reason for this smaller sensibility is the sintering of particles and thin films also promoted by high-temperature heating. Because the redox sensibility is induced by surface reactions between phosphor particles and redox species, it is not desirable to reduce surface areas by the sintering for luminescent materials of this kind.
In the present study, we introduced a successive ionic layer adsorption and reaction (SILAR) method 10) to fabricate nanocrystalline CePO 4 Substrates used in the present study were silica glass plates 1 mm in thickness. Some of them were coated with smooth alumina thin films or nanostructured alumina films for examining the SILAR condition in respect to the substrate surface. A solution for the alumina coating was prepared by dissolving 1.2 mmol of Al 2 O(CH 3 COO) 4 ·nH 2 O and 1.2 g of polyethylene glycol (PEG; average molecular weight: 10000) in 12 mL of a mixed solvent consisting of 2-propanol (8.0 mL), acetylacetone (2.0 mL), and nitric acid (2.0 mL). The solution was stirred at room temperature for 1 h and then dip-coated on silica glass substrates with a withdrawal speed of 0.80 mm s
¹1
. The coated film was dried at 90°C for 10 min and then heated at 750°C for 15 min. This coating/heating procedure was repeated seven times to obtain the smooth alumina thin films. Subsequently, the silica glass substrates coated with the alumina thin films were immersed in hot water at 80°C for 30 min to obtain the nanostructured alumina films.
A schematic illustration of the SILAR method is given in Fig. 1 
Also the concentrations of both the cation and the anion solution were preliminarily examined and optimized so that the films could be formed in the following SILAR method.
In one set of experiments, the substrates were immersed successively at room temperature in the following order: in the cation solution for 1 min, in deionized water for 1 min, in the anion solution for 3 min, and in deionized water for 1 min. Finally the substrates were dried at 90°C for 5 min in air. This procedure was designated as "cycle A" and repeated up to four times. The immersion in deionized water is recognized as the washing process, which is commonly introduced in the SILAR method, to remove the unnecessary cation or anion solutions. In the other set of experiments, the substrates were immersed successively in the following order: in the cation solution for 1 min and in the anion solution for 3 min. Also the substrates were finally dried at 90°C for 5 min in air. This procedure was designated as "cycle B" and repeated up to eight times.
Fabrication of CePO 4 :Tb 3© films by sol-gel method
The fabrication of CePO 4 :Tb 3+ films by the solgel method followed our previous study. 8) A coating solution was prepared by dissolving Ce(NO 3 
, and PEG10000 (1.5 g) in 15 mL of 2-methoxyethanol, followed by stirring at room temperature for 30 min. Then, 3 mL of nitric acid was added to the solution, which was stirred for another 30 min. The resultant solution was dip-coated on silica glass substrates with a withdrawal speed of 1.0 mm s
¹1
. The coated film was dried at 90°C for 10 min in air and subsequently heated at 900°C for 20 min in air. This coating/heating procedure was repeated three times.
Redox treatment of CePO 4 :Tb 3© films
The CePO 4 :Tb 3+ films, which were fabricated by the SILAR or the solgel method, were first immersed in 8 mL of an aqueous KMnO 4 solution (5 mmol L
¹1
) at 80°C for a relatively short period of 10 s for oxidation. The films were then washed successively with water and ethanol and dried at room temperature. Next, the oxidized films were immersed in 8 mL of an aqueous L(+)-ascorbic acid solution (5 mmol L ¹1 ) at 80°C for 10 s for reduction. The films were similarly washed and dried again.
Characterization
The surface structure of the alumina-coated substrates was observed by field-emission scanning electron microscopy (FE-SEM; S-4700, Hitachi). The phase identification of the films was performed with an X-ray diffractometer (D8 ADVANCE, Bruker AXS) using Cu K¡ radiation. Photoluminescence (PL) spectra of the films were measured with a spectrofluorophotometer (FP-6500, JASCO) at room temperature using a Xe lamp (150 W) as a light source. An optical filter was used to remove a second-order peak of the excitation light in the PL measurement. Integrated PL intensities were determined from PL emission spectra over a certain wavelength range and used to evaluate their change against the redox treatment. Optical transmission spectra of the films were recorded with an ultraviolet (UV)-visible-near-infrared (NIR) spectrophotometer (V-670, JASCO). The size and shape of particles constituting the films were observed by field-emission transmission electron microscopy (FE-TEM; TECNAI Spirits, FEI). Figure 2 shows the surface structure of the alumina films coated on the silica glass substrates for the use in the SILAR method. A relatively smooth surface is observed for the film obtained by repeating the coating/heating procedure seven times [ Fig. 2(a) ]. After treating the film with hot water, its surface is changed to a disordered nanostructure with flowerlike morphology [ Fig. 2(b) ]. The effect of the hot water treatment on the morphology of solgel-derived alumina films has been extensively studied by Tadanaga and co-workers.
Results and discussion
11) The morphological change was explained by the dissolution of alumina constituents in the gel films and reprecipitation of pseudoboehmite nanocrystals during the hot water treatment. Although the heating Fig. 1 . A schematic illustration of the SILAR method with "cycle A" and "cycle B". temperature of 750°C for obtaining the present alumina films is much higher than that employed in the literature (typically 400°C), 11) the phenomenon observed during the hot water treatment should have the same origin. Also the film with this kind of nanostructure is known to be highly transparent due to the antireflective effect, which is caused by a gradient of refractive index in the depth direction.
The SILAR method with the cycle A was then carried out for the deposition of CePO 4 :Tb 3+ films using the bare and the alumina-coated silica glass substrates. Actually the films were obtained on the alumina-coated substrates, as visually confirmed after repeating the cycle A twice or more. In contrast, no film seemed to be deposited on the bare silica glass substrate even though the SILAR cycle was conducted repeatedly. In any case, it was not possible to detect any crystalline phases by the X-ray diffraction (XRD) analysis.
Figure 3(a) shows PL excitation and emission spectra measured for each substrate after repeating the cycle A four times. The emission wavelength of 544 nm and the excitation wavelength of 272 nm were used for the PL excitation and the emission measurement, respectively. It is seen that the silica glass substrate does not show any detectable emission by the UV excitation, confirming that no luminescent material is existent on its surface. For the alumina-coated substrates, on the other hand, emissions are clearly observed at 490, 544, 587, and 621 nm, . The PL intensity is slightly higher in the film deposited on the nanostructured alumina film than that on the smooth alumina film.
The PL intensity integrated in the wavelength range between 380 and 700 nm is plotted against the number of the SILAR cycle A in Fig. 3(b) for the bare and the nanostructured alumina-coated silica glass substrate. The intensity is constantly below detection level for the bare silica glass because of no formation of the film. Interestingly, the intensity is also as low as zero for the nanostructured alumina-coated substrate after one cycle. Then the intensity increases linearly with increasing the number of the cycles.
The above result would be an important implication of the formation mechanism of the CePO 4 :Tb 3+ film in the SILAR method. The surface of both silica and alumina is usually covered by the hydroxyl groups. The dissociation of H + from the hydroxyl groups occurs in aqueous solutions, depending on their pH values. It is well known that the point of zero charge lies in the acidic (pH = 1.8) and the basic (pH = 9.1) region for silica and alumina, respectively.
14) The surface of the silica glass substrate is assumed to be always negatively charged in the SILAR cycle A using the aqueous solutions and water. This would suppress the adsorption of the anions. In contrast, the surface of the alumina-coated silica glass substrates is positively charged and then effectively adsorbs the anions at the end of the first cycle A. The adsorbed anions react with the cations at the beginning of the next cycle A. This leads to the successive deposition of the CePO 4 :Tb 3+ film with increasing the number of the cycles on the alumina-coated substrates regardless of their surface structure.
The SILAR method with the cycle B was conceived as a procedure where the washing process was intentionally omitted from the cycle A. It was expected that the cations adsorbed on the negatively charged silica glass surface at the beginning of the cycle B could react directly with the anions, resulting in the formation of the CePO 4 :Tb 3+ film. The availability of the bare silica glass substrate is favorable to remove the unwanted material (alumina) and energy consumption (high-temperature heating for the alumina coating) from the whole fabrication process. Figure 4 shows an XRD pattern of the film deposited on the silica glass substrate after repeating the cycle B eight times. Relatively broad diffraction peaks are observed, indicative of the formation of small crystallites in the film. Actually all the peaks can be indexed with a hexagonal CePO 4 rhabdophane phase (ICDD 34-1380). Note that the diffraction from the films with less than eight cycles was vague and unsuitable for the phase identification. Figure 5 demonstrates the dependence of optical properties of the films, which were deposited on the silica glass substrate with the cycle B, on the number of the cycles. The optical transmittance is decreased over an entire wavelength range with increasing the number of the cycles [ Fig. 5(a) ]. This is ascribed to an increased degree of light scattering by an increasing amount of solid particles that constitute the deposited films. PL excitation and emission spectra in Fig. 5(b) clearly show the formation of CePO 4 :Tb 3+ on the silica glass substrate with its characteristic excitation band due to the Ce 3+ ions and the emissions from the Tb 3+ ions. The PL intensity increases with increasing the number of cycles, which corresponds to an increase of the absolute amount of CePO 4 :Tb 3+ with the repetition of the cycle B. Furthermore, the integrated PL intensity increases linearly with the number of the cycles as shown in Fig. 5(c) . Optical images of the films under the irradiation with a UV (254 nm) light also indicate the increased green emissions. In addition, the emissions are well extracted from the film surface due to the light scattering, which is the feature of the nanocrystalline films.
15) Dense and flat phosphor thin films prepared by, for example, by the solgel method would undergo both the Fresnel reflection and the total internal reflection, reducing the emissions coming directly from the surface. 16) The sensibility of Figure 6(a) shows changes of the relative PL intensity, which was integrated in the wavelength range between 380 and 700 nm and then normalized with the intensity of the as-prepared samples, after the oxidation with KMnO 4 for 10 s and the reduction with L(+)-ascorbic acid for 10 s. Obviously the solgel-derived film is less sensitive to the oxidation with a much smaller degree of luminescence quenching. As reported previously, 8) it would take 30 min or more to decrease the PL intensity down to almost zero in the solgel-derived film under the same oxidation condition. In contrast, the nanocrystalline film exhibits an almost complete luminescence quenching just after the oxidation for 10 s and a full recovery of luminescence after the reduction also for 10 s.
FE-TEM images in Fig. 6(b) elucidate the difference in the microstructure between the films. While the solgel-derived film is composed of well-developed grains around 30 nm in size, the nanocrystalline film is formed by the accumulation of smaller nanorod particles. Such the large difference in the microstructure is attributed to the different synthetic methods and also to the different process temperatures in fabricating the film samples.
Thus it has been revealed that the redox responsivity depends largely on the film microstructure and is much higher in the nanocrystalline film. Fast response to the redox environment would facilitate the use of the CePO 4 :Tb 3+ films as luminescent sensors or indicators.
Conclusions
Nanocrystalline CePO 4 :Tb 3+ films were fabricated by the SILAR method at round room temperature. The SILAR condi- tions were dependent both on the surface state of the substrates and on the procedure of the immersion of the substrates. Under the appropriate conditions, the PL intensity of the films could be increased by the repetition of the SILAR cycles. The redox sensibility of the nanocrystalline films was evaluated and compared with that of the solgel-derived dense film. The nanocrystalline films showed much better luminescence-switching properties upon redox reactions in the aqueous solutions. The present result is one of the good examples where a superior function is obtained through the low-temperature rather than the high-temperature processing.
